Introduction {#s1}
============

Molecular profiling of breast cancer revealed unexpected heterogeneity of this disease \[[@B1],[@B2]\]. According to these studies, breast cancers can be categorized into several separate subtypes which share considerable similarities with various developmental stages of normal mammary epithelial cells (MECs). Consequently, a hypothesis was proposed that individual types of cancer might arise from malignant transformation of comparable normal MECs \[[@B3]\]; however, more recent studies employing lineage tracing \[[@B4]--[@B6]\], marker analysis \[[@B7]\], transplantation \[[@B8]\] and other techniques \[[@B7],[@B9],[@B10]\] began to uncover the complexity and the plasticity of the normal and pathological mammary epithelial developmental processes.

One of the difficulties of studying detailed molecular/biochemical mechanisms of normal and pathological MEC differentiation is the lack of accessible models. Sources of normal human MECs include reduction mammoplasty specimen and normal margins of surgically-excised tumor tissues, but primary cells have limited lifespan *in vitro*, and are not always readily available. Underlying genetic, epigenetic and environmental variations between donors may also be a concern. Genetically-engineered mouse models provide powerful tools to address important biological questions \[[@B11]\], but due to inherent differences between human and mouse mammary gland physiology, observations in mice may not directly translate to human pathophysiology. There are also technical challenges to follow developmental processes as they progress *in vivo*. To address these issues, Band and colleagues have previously established human telomerase reverse transcriptase (hTERT)-immortalized MEC lines that can be propagated indefinitely in a stem/progenitor-like undifferentiated state but can be induced to differentiate into luminal as well as myoepithelial lineages *in vitro* under defined conditions \[[@B12]\]. Because they are amenable to complex manipulations, these models should be useful for studying mechanisms of MEC self-renewal, differentiation, transformation and cancer progression.

In the present study, we sought to characterize and validate this cell line model further by focusing on the effects of signals through epidermal growth factor receptor (EGFR) on *in vitro* differentiation. EGFR is recognized as a critical regulator of mammary gland development \[[@B13]\]. A naturally-occurring mutation in the *egfr* gene in mice (*wa-2*) has been known to impair lactation \[[@B14]\]. On the ligand side, although multiple ligands are known to bind to EGFR, only amphiregulin (AREG)-deficient mice showed significant defects in the development of mammary gland, suggesting redundant as well as unique functions of individual EGFR ligands \[[@B15]\]. Links between the EGFR-dependent processes and mammary gland pathophysiology are further reinforced by the observations that EGFR is either amplified or overexpressed in a considerable proportion of basal-like breast cancers \[[@B16],[@B17]\]; transcripts for EGFR ligands such as epidermal growth factor (EGF), AREG and transforming growth factor alpha (TGFα) are frequently upregulated in human breast cancer samples and a majority of breast cancers that express high levels of TGFα also co-express EGFR, suggesting a potential autocrine loop \[[@B18]--[@B22]\]. All these point towards the crucial roles of EGFR and its ligands in the biology of the mammary gland and breast cancer. As for the biochemical mechanisms, it was previously reported that sustained activation of the EGFR-MEK-Erk pathway was required for myoepithelial differentiation of primary human MECs \[[@B23]\]. Taking these prior observations into consideration, here we examined the effects of three EGFR ligands, EGF, AREG and TGFα in the differentiation-promoting MEGM medium on the hTERT-immortalized stem/progenitor hMEC line characterized by the presence of cytokeratin 5 and absence of cytokeratin 19 (K5^+^K19^-^ hMEC).

Materials and Methods {#s2}
=====================

Cell culture {#s2.1}
------------

The development and initial characterizations of hTERT-immortalized stem/progenitor hMEC line defined by the presence of K5 and absence of K19 (K5^+^K19^-^ hMECs) were reported previously \[[@B12]\]. Cells were routinely maintained in the DFCI-1 medium \[[@B24]\]. All experiments were performed within 20 passages in culture.

For *in vitro* differentiation, K5^+^K19^-^ hMEC cells were cultured in MEGM medium (MEBM, (Lonza, Walkersville, MD, USA) supplemented with B27 (Life Technologies, Carlsbad, CA, USA), 4 µg/mL heparin (Sigma-Aldrich, St. Louis, MO, USA), 5 µg/mL insulin (Sigma-Aldrich), 30 ng/mL (5 nM) EGF (Life Technologies), 20 ng/mL FGF (Life Technologies) and 0.5 µg/mL hydrocortisone (Sigma-Aldrich)). EGF was replaced with AREG or TGFα (5 nM unless specified otherwise) where indicated. Cells were passaged once a week and seeded at 2 × 10^5^ in a 60 mm dish (for flow cytometry analysis) or 2 × 10^4^ cells/well on the top of the 12 mm glass coverslip in the 24-well plate (for confocal imaging analysis).

Antibodies {#s2.2}
----------

Antibodies used for this study are listed in [Table 1](#pone-0075907-t001){ref-type="table"}.
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###### List of antibodies used for this study.

                                                 Vendor                      Clone Name          Catalog Number
  ---------------------------------------------- --------------------------- ------------------- ----------------
  Phosphotyrosine                                EMD Millipore               4G10                05-321
  EGFR                                           Santa Cruz Biotechnology    Rabbit polyclonal   sc-03
  Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204)   Cell Signaling Technology   Rabbit polyclonal   9101
  p44/42 MAPK (Erk1/2)                           Cell Signaling Technology   Rabbit polyclonal   9102
  Phospho-Akt (Ser473)                           Cell Signaling Technology   D9E                 4060
  Akt                                            Cell Signaling Technology   C67E7               4691
  HSC70                                          Santa Cruz Biotechnology    B-6                 sc-7298
  MUC1                                           BD Biosciences              HMPV                550486
  MUC1-FITC                                      BD Biosciences              HMPV                559774
  EpCAM-APC                                      BD Biosciences              EBA-1               347200
  CD49f-PE-Cy7                                   eBioscience                 eBioGoH3            25-0495
  CD10-APC eFluor 780                            eBioscience                 SN5c                8047-0108
  Cytokeratin 5                                  Covance                     Rabbit polyclonal   PRB-160P
  Cytokeratin 5/6-FITC                           EMD Millipore               D5/16B              FCMAB291F
  Alpha Smooth Muscle Actin                      Sigma-Aldrich               1A4                 A2547
  HRP-Protein A                                  Invitrogen                  N/A                 10-1023
  HRP-Rabbit anti-Mouse IgG (H+L) conjugate      Invitrogen                  Rabbit polyclonal   R21455
  Alexa Fluor 488 Donkey anti-Rabbit IgG (H+L)   Invitrogen                  Donkey polyclonal   A-21206
  Alexa Fluor 594 Donkey anti-Mouse IgG (H+L)    Invitrogen                  Donkey polyclonal   A-21203

Immunofluorescence and confocal microscope image analysis {#s2.3}
---------------------------------------------------------

Immunofluorescence and confocal image analyses were performed as described previously \[[@B12]\]. Briefly, cells were grown on 12 mm glass coverslips, fixed with 4% paraformaldehyde in phosphate buffered saline (PBS) and permeabilized with 0.5% Triton X-100 for 5 minutes. After blocking non-specific binding sites with 5% goat serum for 1 hour, samples were incubated with the primary anti-K5 (1:2000) and anti-MUC1 (1:500) antibodies in 1% goat serum-containing PBS overnight at 4°C. After three washes with PBS, anti-rabbit IgG Alexa Fluor 488 and anti-mouse IgG Alexa Fluor 633 were added at 1:1000 dilutions in 1% goat serum containing PBS and incubated at room temperature for 1 hour. After washes in PBS and in water, nuclei were visualized with DAPI by mounting with VECTASHIELD Hard Set mounting medium (Vector Laboratories, Burlingame, CA). Images were captured with a Zeiss LSM 710 META laser scanning confocal microscope (Carl Zeiss Microscopy GmbH, Jena, Germany).

Flow Cytometry {#s2.4}
--------------

Cells were detached from culture plates by trypsin, filtered through a 40 µm nylon mesh (BD Biosciences) to ensure single cellularity, re-suspended in ice-cold FACS buffer (PBS/1% bovine serum albumin) at 10^6^ cells/200 µl and incubated for 20 minutes with antibodies against EpCAM, CD10, MUC1 and CD49f. To stain intercellular K5, cells were first surface-stained with anti-EpCAM and anti-CD49f antibodies, fixed with 4% paraformaldehyde at room temperature for 15 minutes, washed once with FACS buffer and once with FACS buffer containing 0.5% saponin, and then incubated with anti-K5 antibody (1:100) in FACS buffer with saponin at room temperature for 30 minutes. Cells were then washed once in FACS buffer with saponin, once in FACS buffer before proceeding for flow cytometry analysis. Data were acquired on an LSRII (BD Biosciences) and analyzed using FlowJo software (Tree Star Inc., Ashland, OR, USA).

Immunoblotting assays {#s2.5}
---------------------

Cells were grown to 70-80% confluence in DFCI-I medium and starved of serum/growth factors in D3 medium \[[@B25]\] for 48 hours. For stimulation with EGFR ligands, starved cells were either left untreated or treated with 5 nM AREG, 5 nM EGF or 5 nM TGFα. After indicated stimulation period, cells were lysed in cold lysis buffer (0.5% Triton X-100, 50 mM Tris-HCl (pH 7.5), 150 mM sodium chloride, 1 mM phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate, and 10 mM sodium fluoride). Cell lysates were centrifuged at 10,000 rpm at 4 °C for 30 min and protein concentrations in the supernatant was quantified using Bradford reagent (Bio-Rad, Richmond, CA, USA). Cell lysates (20 µg protein equivalent) were resolved by SDS-PAGE, transferred to polyvinylidene difluoride membranes (PerkinElmer Life Sciences, Waltham, MA, USA) and incubated with primary antibodies against pY (4G10), EGFR, pErk1/2, Erk1/2, pAkt, Akt or HSC70 followed by incubation with HRP-conjugated protein A (for rabbit antibodies) or rabbit anti-mouse antibody (for mouse monoclonal antibodies). Primary antibodies were diluted to 1:1000 in TBS-T (20 mM Tris-HCl (pH 8.0), 150 mM sodium chloride, and 0.1% v/v Tween-20), except anti-pY (4G10) which was used at 1:4000. Secondary antibodies were diluted to 1:25,000 in TBS-T. The enhanced chemiluminescence signals were recorded using a light-sensitive film (GeneMate Blue Lite Autorad Film).

Thymidine Incorporation Assay {#s2.6}
-----------------------------

Proliferation assay was performed essentially as described previously \[[@B26]\]. K5^+^K19^-^ hMEC cells were seeded in 24-well plates at 2 × 10^4^/well in DFCI-1 medium. Next day, cells were rinsed and serum/growth factor-starved in D3 medium for 24 hours. Cells were then left unstimulated or stimulated with AREG, EGF or TGFα (all ligands at 5 nM) for 48 hours. \[^3^H\] thymidine (4 µCi/ml) was added for the last 6 hours of incubation. To terminate incubations, unincorporated radioactivity was removed by washing cells once with ice-cold PBS followed by the addition of 10% trichloroacetic acid for 30 minutes at 4°C. Next, wells were washed with ice-cold PBS and solubilized with 0.2 M NaOH at room temperature. The radioactivity was determined by liquid scintillation counting.

Statistical Analysis {#s2.7}
--------------------

Statistical analysis was performed using GraphPad Prism package (GraphPad Software, La Jolla, CA, USA).

Results {#s3}
=======

Characterization of *in vitro* differentiated K5^+^K19^-^ hMEC cells by flow cytometry {#s3.1}
--------------------------------------------------------------------------------------

K5^+^K19^-^ hMEC cells maintain undifferentiated morphology and marker expression in DFCI-1 medium but they can be induced to differentiate towards both luminal and myoepithelial lineages when cultured in MEGM medium \[[@B12]\]. Original studies were carried out using immunofluorescence-based analyses. While this method is well-suited to correlate cell morphology, marker expression and its localization, objective quantitative assessment of individual markers require alternative approaches. Therefore, we sought to examine the differentiation process more quantitatively by flow cytometry.

To this end, K5^+^K19^-^ hMEC cells were cultured for three weeks in MEGM medium containing 5 nM EGF (see Materials and Methods for the detailed composition of this medium) and cell differentiation was examined by morphology, immunofluorescence and flow cytometry. In the DFCI-1 medium, all K5^+^K19^-^ hMEC cells maintained tightly-packed epithelial morphology ([Figure 1A](#pone-0075907-g001){ref-type="fig"}). In line with previous reports, all cells maintained in the DFCI-1 medium expressed K5 and lacked MUC1 ([Figure 1A](#pone-0075907-g001){ref-type="fig"}). When analyzed by flow cytometry, most cells expressed intermediate to high levels of epithelial cell adhesion molecule (EpCAM) and high levels of integrin α6 (CD49f) ([Figure 1B](#pone-0075907-g001){ref-type="fig"}). On the other hand, when cultured in MEGM medium for three weeks, cells organized themselves into two distinct populations, one characterized by the tightly-packed epithelial morphology and the other spindle-shaped cells surrounding the tight epithelial colonies ([Figure 1A](#pone-0075907-g001){ref-type="fig"}). Spindle-shaped cells migrated away from the packed epithelial colonies even at low cell confluence while cells with epithelial morphology remained in the colonies even at high cell confluence. Changes in cell morphology were not the direct consequence of culture confluence. Immunofluorescence imaging revealed that spindle-shaped cells lost expression of K5 whereas a fraction of cells within the tightly-packed epithelial colonies expressed MUC1. MUC1^pos^ cells were found mostly in the center of the colonies. All these data are consistent with previous findings \[[@B12]\]. Flow cytometry analyses identified two distinct populations based on EpCAM expression (EpCAM^hi^ and EpCAM^lo^) and EpCAM^hi^ cells could be further separated based on CD49f expression (CD49f^hi^EpCAM^hi^ and CD49f^lo^EpCAM^hi^). Previous studies on normal primary hMECs reported that CD49f was expressed highly in stem/early progenitor cells while EpCAM was a marker for luminal lineage \[[@B27]--[@B30]\]. Therefore, we reasoned that EpCAM^hi^ population might be luminal cells that form tightly-packed colonies while EpCAM^lo^ population are spindle-shaped myoepithelial cells. To confirm this, we evaluated the expression of MUC1, a luminal marker, and CD10, a myoepithelial marker, in individual populations. As shown in [Figure 1B](#pone-0075907-g001){ref-type="fig"}, MUC1 was most highly expressed in the CD49f^lo^EpCAM^hi^ population whereas CD10 expression was the highest in EpCAM^lo^ cells. To further establish the identity of each population, we sorted these three populations ([Figure 1C](#pone-0075907-g001){ref-type="fig"}) and subjected them to immunoblotting analysis for known markers of epithelial differentiation. The EpCAM^lo^ population lost K5 expression but up-regulated the expression of α-smooth muscle actin, a widely-accepted marker of myoepithelial differentiation. Changes in K5 expression was also confirmed by flow cytometry analysis ([Figure S1](#pone.0075907.s001){ref-type="supplementary-material"}). Altogether, we conclude that the tightly-packed epithelial colonies contain CD49f^hi^EpCAM^hi^ and CD49f^lo^EpCAM^hi^ cells, CD49f^lo^EpCAM^hi^ population contains MUC1^pos^ cells, i.e., more differentiated luminal cells than CD49f^hi^EpCAM^hi^ cells, and the surrounding spindle-shaped cells correspond to the EpCAM^lo^ population.

![In vitro differentiation of K5^+^K19^-^ h*TERT*-immortalized mammary epithelial cells.\
Cells were either maintained under non-differentiating condition (DFCI-1 medium) or propagated under differentiation-promoting condition (MEGM medium containing 5 nM EGF) for three weeks and cell morphology and marker expressions were evaluated. Shown are representative results from more than 10 independent experiments with similar outcome. (**A**) Overall cell morphology was assessed by Wright-Giemsa staining (top panels) and K5 (green) and MUC1 (purple) expression was assessed by immunofluorescence microscopy (bottom panels). Nuclei were visualized with DAPI (blue). Red bars indicate 50 µM. (**B**) Expression of CD49f, EpCAM, MUC1 and CD10 was assessed by flow cytometry. Gates for CD49f^lo^EpCAM^hi^ (luminal, green box), EpCAM^lo^ (myoepithelial, red box) and CD49f^hi^EpCAM^hi^ (undifferentiated, black box) cells are indicated. Histograms on the right indicate levels of MUC1 (luminal marker, top) and CD10 (myoepithelial marker, bottom) in cells propagated in MEGM medium. Green lines represent the levels of MUC1 (top) or CD10 (bottom) in the CD49f^lo^EpCAM^hi^ (luminal) population, red lines are for the EpCAM^lo^ (myoepithelial) population and black lines for the CD49f^hi^EpCAM^hi^ (undifferentiated) population. (**C**) Expression of α-smooth muscle actin (αSMA) and K5 was assessed by immunoblotting. NIH3T3 cells (lane 1) were included as a positive control for αSMA. Lane 2: K5^+^K19^-^ hMECs maintained in DFCI-1 medium; Lanes 3-5: K5^+^K19^-^ hMECs were differentiated in MEGM medium and sorted into CD49f^lo^EpCAM^hi^ (luminal), EpCAM^lo^ (myoepithelial) and CD49f^hi^EpCAM^hi^ (undifferentiated) populations. Membrane was probed for HSC70 to ensure equal loading.](pone.0075907.g001){#pone-0075907-g001}

Effects of various EGFR ligands on K5^+^K19^-^ hMEC differentiation {#s3.2}
-------------------------------------------------------------------

Signals through EGFR play critical roles in mammary gland development and homeostasis. Seven different ligands have been identified for EGFR; EGF, amphiregulin (AREG), transforming growth factor alpha (TGFα), heparin-binding EGF-like growth factor (HB-EGF), betacelluin, epiregulin and epigen. They are known to differ in their binding affinity to EGFR, activate distinct biochemical pathways and have diverse effects on receptor trafficking, degradation and recycling \[[@B31],[@B32]\]. Therefore, we sought to compare the effects of two other EGFR ligands relevant to mammary gland development and breast cancer, AREG and TGFα, on K5^+^K19^-^ hMEC cell differentiation.

To this end, K5^+^K19^-^ hMEC cells were cultured in modified MEGM medium where EGF was substituted with the same concentrations (5 nM) of AREG or TGFα. We selected this concentration because cells did not differentiate at lower concentrations of AREG ([Figure S2](#pone.0075907.s002){ref-type="supplementary-material"}). As shown in [Figure 2A](#pone-0075907-g002){ref-type="fig"}, there was no significant difference in cell growth when cells were maintained in MEGM medium containing AREG or TGFα from those cultured in the same medium containing EGF. However, cell acquired considerably different morphology under these conditions; specifically, almost all K5^+^K19^-^ hMEC cells cultured in the presence of AREG formed tight epithelial colonies, and very few spindle-shaped cells were observed. In contrast, a majority of cells cultured in the presence of TGFα turned spindle-shape. These contrasting morphologies are reflected in the expression patterns of K5, MUC1, EpCAM, CD49f and CD10. AREG-treated cells maintained the expression of K5 and those in the middle of the colonies expressed MUC1 whereas a considerable fraction of TGFα-treated cells lost K5 expression and no MUC1-expressing cells were observed ([Figure 2B](#pone-0075907-g002){ref-type="fig"}). Flow cytometry analysis revealed the presence of a significant proportion of CD49f^lo^EpCAM^hi^ (luminal) cells and very few EpCAM^lo^ (myoepithelial) cells when cultured with AREG, while most cells were EpCAM^lo^ (myoepithelial) when cultured in the presence of TGFα ([Figure 2C](#pone-0075907-g002){ref-type="fig"}). CD49f^lo^EpCAM^hi^ (luminal) cells emerged in the presence of AREG were essentially indistinguishable from those emerged in the presence of EGF in that they maintained expression of K5 (as seen by immunofluorescence) and upregulated MUC1. Likewise, EpCAM^lo^ (myoepithelial) cells emerged in the presence of TGFα shared all the key characteristics with EGF-induced counterparts, i.e., they lost K5 expression and upregulated CD10. Altogether, we concluded that AREG-supplemented MEGM medium promoted the emergence of luminal cells whereas TGFα favored myoepithelial cells.

![Effects of various EGFR ligands on K5^+^K19^-^ hMEC differentiation in MEGM medium.\
Cells were propagated in modified MEGM media where EGF was substituted with either AREG or TGFα and morphology and marker expressions were analyzed after three weeks. (**A**) Cell growth during differentiation. Two hundred thousand (2 x 10^5^) K5^+^K19^-^ hMECs were seeded in 60 mm dishes in modified MEGM media with indicated EGFR ligands. Cell numbers were determined every week. Shown are averages from 4 independent experiments. Error bars indicate standard errors. There was no statistically significant difference between groups in cell number at each time point by one-way ANOVA with Bonferroni multiple comparisons. (**B**) Overall cell morphology was assessed by Wright-Giemsa staining (left panels) and K5 (green) and MUC1 (purple) expression was assessed by immunofluorescence microscopy (right panels). Nuclei were visualized with DAPI (blue). Red bars indicate 50 µM. (**C**) Expression of CD49f, EpCAM, MUC1 and CD10 was analyzed by flow cytometry. Gates and percentages for CD49f^lo^EpCAM^hi^ (luminal, green box), EpCAM^lo^ (myoepithelial, red box) and CD49f^hi^EpCAM^hi^ (undifferentiated, black box) populations are indicated in the top panels. Middle and bottom panels are histograms for MUC1 (middle) and CD10 (bottom). Green lines represent the levels of MUC1 (middle) or CD10 (bottom) in the CD49f^lo^EpCAM^hi^ (luminal) population, red lines are for the EpCAM^lo^ (myoepithelial) population and black lines for the CD49f^hi^EpCAM^hi^ (undifferentiated) population. Histograms for EpCAM^lo^ (myoepithelial) populations in AREG-treated cells and CD49f^lo^EpCAM^hi^ (luminal) and CD49f^hi^EpCAM^hi^ (undifferentiated) populations in TGFα-treated are not shown in the overlays due to extremely small cell numbers. Though the difference in MUC1 expression between EGF-treated cell populations was not as robust as in [Figure 1B](#pone-0075907-g001){ref-type="fig"} in this particular experiment, MUC1 mean fluorescence intensity for CD49f^lo^EpCAM^hi^ (luminal) cells (642) was higher than that of EpCAM^lo^ (myoepithelial) or CD49f^hi^EpCAM^hi^ (undifferentiated) cells (437 and 337, respectively). (**B**) and (**C**) are representative results from 6 independent experiments with similar outcome.](pone.0075907.g002){#pone-0075907-g002}

These results may indicate that different EGFR ligands, when administered as a part of MEGM medium, can directly regulate the lineage specification of K5^+^K19^-^ hMEC cells. Alternatively, it is also conceivable that K5^+^K19^-^ hMEC cells follow an intrinsic differentiation program and each EGFR ligand promotes the survival and/or proliferation of distinct populations. According to the latter hypothesis, AREG should preferentially promote the survival and/or proliferation of luminal cells, TGFα should support only myoepithelial cells while EGF should function both on luminal as well as myoepithelial cells. To test this hypothesis, we first evaluated the effects of various EGFR ligands on K5^+^K19^-^ hMEC short-term cell growth. When undifferentiated K5^+^K19^-^ hMEC cells were starved of serum/growth factors in D3 medium \[[@B25]\] and re-stimulated with EGF, AREG or TGFα, we did not detect significant difference in cell growth ([Figure 3A](#pone-0075907-g003){ref-type="fig"}). We next considered the possibility that each EGFR ligand may show preferential effects only on differentiated cells. To test this, we first allowed K5^+^K19^-^ hMECs to differentiate *in vitro* in MEGM medium (containing EGF), sorted CD49f^lo^EpCAM^hi^ (luminal) and EpCAM^lo^ (myoepithelial) populations by flow cytometry and cultured them in modified MEGM medium containing EGF, AREG or TGFα for 72 hours. Sorted cells maintained their morphology during this treatment ([Figure S3](#pone.0075907.s003){ref-type="supplementary-material"}). When cell proliferation was examined by the expression of the proliferation marker Ki67, the percentages of Ki67^pos^ (proliferating) cells were slightly reduced in CD49f^lo^EpCAM^hi^ (luminal) cells treated with TGFα. Nevertheless, all three EGFR ligands supported proliferation of sorted cells ([Figure 3B](#pone-0075907-g003){ref-type="fig"}). Importantly, no significant cell death was observed either morphologically or by Annexin V staining throughout the course of differentiation in all three conditions (data not shown).

![All EGFR ligands support growth of K5^+^K19^-^ hMECs before and after differentiation.\
(**A**) Undifferentiated K5^+^K19^-^ hMECs were starved of serum/growth factors for 24 hours in D3 medium before being left unstimulated (Control) or stimulated with AREG, EGF or TGFα (all at 5 nM) for 24 hours. Cell growth was assessed by \[^3^H\] thymidine incorporation for the last 6 hours of incubation. A representative result from 2 independent experiments run in triplicates is shown. Error bars indicate standard errors. (**B**) K5^+^K19^-^ hMECs were propagated in MEGM medium (with EGF) to induce differentiation. Differentiated luminal (CD49f^lo^EpCAM^hi^) and myoepithelial (EpCAM^lo^) cells were separated by FACS and plated in modified MEGM medium containing either AREG, EGF or TGFα (all at 5 nM). The percentage of proliferating cells was assessed by the expression of Ki67. Each condition was run in 5 replicates. Error bars represent standard errors. The difference between EGF and TGFα, as well as that between AREG and TGFα in CD49f^lo^EpCAM^hi^ cells was statistically significant at p\<0.05 when analyzed by one-way ANOVA with Bonferroni multiple comparisons.](pone.0075907.g003){#pone-0075907-g003}

Combined with data that there was no significant difference in cell growth during three week differentiation ([Figure 2A](#pone-0075907-g002){ref-type="fig"}), these data collectively demonstrate that EGF, AREG and TGFα in MEGM medium show little difference in supporting growth and survival of K5^+^K19^-^ hMEC cells either before or after *in vitro* differentiation, suggesting that the observed differences in K5^+^K19^-^ hMEC differentiation in MEGM medium is not due to preferential survival and expansion of one population, but that EGFR ligands are likely to function directly on hMEC lineage specification in the context of this culture medium.

Biochemical consequences of EGFR engagement {#s3.3}
-------------------------------------------

To begin to dissect the mechanisms how different EGFR ligands regulate K5^+^K19^-^ hMEC cell fate, we first investigated short-term biochemical changes upon receptor engagement. In the present study, we focused on two major biochemical pathways downstream of EGFR, MEK-Erk and phosphatidylinositol 3-kinase (PI3K)-Akt pathways. K5^+^K19^-^ hMEC cells maintained in the DFCI-1 medium were starved for 48 hours in D3 medium. Cells were then stimulated with 5 nM of AREG, EGF or TGFα for up to 180 minutes ([Figure 4](#pone-0075907-g004){ref-type="fig"}). Consistent with the published literature \[[@B31],[@B32]\], AREG induced little phosphorylation on EGFR and only a brief transient activation of Erk1/2. In contrast, TGFα and EGF induced significant phosphorylation of EGFR and sustained activation of Erk1/2. While EGF-induced Erk phosphorylation gradually declined after 45 minutes, TGFα-stimulated cells maintained a steady level of phosphorylated Erk up to 180 minutes. Similarly, both EGF and TGFα induced phosphorylation of Akt which lasted up to 90 minutes, whereas AREG stimulated cells showed little Akt phosphorylation. Furthermore, the levels of total EGFR declined rapidly after EGF stimulation and almost no EGFR was detected 90 minutes after stimulation, whereas TGFα-stimulated cells maintained a considerable amount of EGFR at the same time point. EGFR level remained unchanged upon AREG stimulation.

![Biochemical consequences of EGFR engagement with various ligands.\
Undifferentiated K5^+^K19^-^ hMECs were starved of serum/growth factors for 48 hours in D3 medium before being stimulated with 5 nM EGF, AREG or TGFα for indicated period. Cell lysate was analyzed by immunoblotting. (**A**) Immunoblot results of phosphotyrosine (p-Tyr), total EGFR, phospho-p44/42 MAPK (p-Erk1/2), total p44/42 MAPK (Erk1/2), phospho-Akt (p-Akt) and total Akt. HSC70 was used as loading control. A representative of 2 independent experiments is shown. (**B**) Results from 2 independent experiments were quantitated by densitometry and ratios of p-Erk/total Erk and p-Akt/total Akt were plotted. Shown are averages of 2 experiments; error bars indicate standard errors. Y axis is in arbitrary unit.](pone.0075907.g004){#pone-0075907-g004}

Differential effects of MEK and PI3K inhibition on differentiation of K5^+^K19^-^ hMEC cells {#s3.4}
--------------------------------------------------------------------------------------------

The biochemical analyses showed that both Erk and Akt were activated more robustly upon acute stimulation with EGF and TGFα than by AREG. To examine whether either of these pathways can directly regulate K5^+^K19^-^ hMEC differentiation, we performed *in vitro* differentiation assays in the presence of chemical inhibitors of MEK and PI3K. First, we cultured K5^+^K19^-^ hMECs in MEGM medium (containing EGF) for three weeks with a MEK inhibitor U0126 and examined differentiation by fluorescence microscopy and flow cytometry. Treatment with U0126 did not affect cell growth at the concentration tested ([Figure S5](#pone.0075907.s005){ref-type="supplementary-material"}). As shown in [Figure 5B, K5](#pone-0075907-g005){ref-type="fig"} ^+^ K19^-^ hMECs differentiated normally when treated with vehicle (DMSO) alone. However, cell differentiation was impaired in the presence of U0126. Specifically, significantly reduced number of spindle-shaped cells were observed around the tightly-packed epithelial clusters and essentially all cells maintained K5 expression. Flow cytometry confirmed that the percentages of both CD49f^lo^EpCAM^hi^ and EpCAM^lo^ cells were markedly reduced compared to vehicle-treated cells. The efficacy of U0126 was confirmed by probing for inhibition of Erk activation ([Figure 5A](#pone-0075907-g005){ref-type="fig"}).

![MEK inhibitor blocks differentiation of K5^+^K19^-^ hMECs.\
(**A**) Undifferentiated K5^+^K19^-^ hMECs were starved of serum/growth factors for 48 hours in D3 medium, treated with 1 µM U0126 or vehicle (DMSO) alone for 4 hours before stimulation with 5 nM EGF for the indicated period. Cell lysate was analyzed by immunoblotting. (**B**) K5^+^K19^-^ hMECs were propagated in MEGM medium (containing EGF) with or without 1 µM U0126 for three weeks. Medium was replaced every two days. Overall cell morphology was assessed by Wright-Giemsa staining (top panels) and K5 (green) and MUC1 (red) expression was assessed by immunofluorescence microscopy (middle panels). Nuclei were visualized with DAPI (blue). Red bars indicate 50 µM. Expression of CD49f and EpCAM was analyzed by flow cytometry (bottom panels). Gates and percentages for CD49f^lo^EpCAM^hi^ (luminal, green box) and EpCAM^lo^ (myoepithelial, red box) populations are indicated. Shown are representative results from 3 independent experiments. (**C**) Undifferentiated K5^+^K19^-^ hMECs were starved of serum/growth factors for 48 hours in D3 medium, treated with 5 µM wortmannin or vehicle (DMSO) alone for 4 hours before stimulation with 5 nM EGF for the indicated period. Cell lysate was analyzed by immunoblotting. (**D**) K5^+^K19^-^ hMECs were propagated in MEGM medium (containing EGF) with or without 5 µM wortmannin for ten days. At this time point, control culture has not differentiated yet. Medium was replaced every two days. Overall cell morphology was assessed by Wright-Giemsa staining (top panels) and K5 (green) and MUC1 (red) expression was assessed by immunofluorescence microscopy (middle panels). Nuclei were visualized with DAPI (blue). Red bars indicate 50 µM. Expression of CD49f and EpCAM was analyzed by flow cytometry (bottom panels). Gates and percentages for CD49f^lo^EpCAM^hi^ (luminal, green box) and EpCAM^lo^ (myoepithelial, red box) populations are indicated. Shown are representative results from 2 independent experiments.](pone.0075907.g005){#pone-0075907-g005}

In contrast, when K5^+^K19^-^ hMECs were cultured in the presence of a PI3K inhibitor wortmannin, the emergence of differentiated (CD49f^lo^EpCAM^hi^ and EpCAM^lo^) cells was accelerated. As shown in [Figure 5D](#pone-0075907-g005){ref-type="fig"}, 10 days after cells were placed in MEGM medium when vehicle-treated cells have not differentiated yet, wortmannin-treated cells already showed morphological changes of differentiation and flow cytometry profiles were consistent with these observations. We confirmed similar effects with another PI3K inhibitor LY294002 ([Figure S6](#pone.0075907.s006){ref-type="supplementary-material"}).

From these data, we concluded that Erk activation, but not Akt activation, downstream of EGFR is required for differentiation of K5^+^K19^-^ hMECs in MEGM medium.

Discussion {#s4}
==========

Here we described an additional characterization of the hTERT-immortalized stem/progenitor K5^+^K19^-^ hMEC line *in vitro* differentiation model and its application to dissect biochemical mechanisms of MEC differentiation. By combining immunofluorescence microscopy, flow cytometry and biochemistry, we established that K5^+^K19^-^ hMECs, which express CD49f^hi^EpCAM^hi^ under non-differentiating condition, differentiated into CD49f^lo^EpCAM^hi^ and EpCAM^lo^ cells. In the culture conditions examined here, this process can be regulated by signals through EGFR as demonstrated by distinct effects of EGFR ligands EGF, AREG and TGFα in MEGM medium. Downstream of EGFR, Erk activation is required to promote differentiation, whereas Akt activation counters this process.

Though activation of both Erk \[[@B33]\] and Akt \[[@B34]\] have been strongly tied to breast cancer, our knowledge into their precise roles in mammary gland development is not complete. Roles of Erk on cell fate determination were first investigated in the PC12 neural cell line. In this system, a transient activation of Erk was associated with cell proliferation while a more prolonged phosphorylation of Erk led to cell differentiation \[[@B35],[@B36]\]. This concept was later extended to the mammary morphogenesis and lineage determination. Using primary mouse MECs, Fata et al. demonstrated that TGFα induced sustained activation of Erk and promoted branching morphogenesis whereas transient Erk activation by FGF7 promoted cell growth without branching \[[@B37]\]. In a comparable study using human cells, Pasic et al. showed that transient Erk activation by AREG promoted emergence of both luminal and myoepithelial cells while sustained Erk activation by EGF favored myoepithelial differentiation \[[@B23]\].

In the present study, we showed that the AREG-containing MEGM medium promoted luminal differentiation of K5^+^K19^-^ hMECs while substitution with TGFα enhanced myoepithelial differentiation. Consistent with previous reports, stimulation with AREG induced transient Erk activation whereas more sustained activation was observed upon TGFα stimulation. Biochemical events from the acute phase of cell stimulation may not completely capture the continuously-unfolding changes in the complex signaling network over extended period required to induce cell differentiation. Nevertheless, effects of EGFR ligands on K5^+^K19^-^ hMEC differentiation appear to be dependent on the MEK-Erk axis because chemical inhibition of this pathway, but not the PI3K-Akt pathway, interfered with this process. In addition, luminal differentiation appears to be less sensitive to MEK inhibition because the percentage of CD49f^lo^EpCAM^hi^ (luminal) cells remained relatively unchanged while that of EpCAM^lo^ (myoepithelial) cells was reduced at lower concentrations of U0126 ([Figure S4](#pone.0075907.s004){ref-type="supplementary-material"}). Even at the highest concentration tested, a small number of MUC1^pos^ cells were repeatedly observed ([Figure 5B](#pone-0075907-g005){ref-type="fig"}). These results are essentially in agreement with findings by Pasic et al., which demonstrated that sustained activation of Erk through EGFR favored myoepithelial differentiation.

Nonetheless, some differences do exist in the spectrum of differentiated MECs between Pasic et al's results and the present study. Specifically, in the former, AREG promoted luminal as well as myoepithelial differentiation whereas EGF favored only myoepithelial differentiation. These differences may be due to that Pasic et al. utilized primary human MECs, which are intrinsically more heterogeneous than K5^+^K19^-^ hMECs, which originated from a single clone \[[@B12]\]. Therefore, it is conceivable that their cell preparation contained progenitors capable of differentiating into both luminal and myoepithelial lineage upon AREG stimulation, whereas the K5^+^K19^-^ hMECs originated from a clone which can only produce luminal cells with AREG. Additional differences in culture conditions between these studies include the presence of extracellular matrix and the composition of the base medium. Though previous studies demonstrated that hTERT alone could not transform MECs \[[@B38],[@B39]\], its effects on MEC differentiation have not been fully clarified. These questions need to be addressed in future studies.

The PI3K-Akt axis has been shown to exert diverse effects on the normal and pathological development of mammary glands. In mice, loss of Akt1 inhibited, but loss of another family member Akt2 accelerated mammary tumorigenesis \[[@B40]\]. Conditional activation of this pathway either through deletion of a negative regulator PTEN or over-expression of Akt induced precocious lactogenic differentiation of mammary epithelial cells \[[@B41],[@B42]\]. These data apparently contradict our present findings that inhibition of the PI3K pathway accelerated differentiation of K5^+^K19^-^ hMECs.

However, activation of the PI3K-Akt pathway is also associated with the expansion of the mammary stem/progenitor populations and inhibition of differentiation \[[@B43]\]. Similar effects have been reported in other systems including embryonic stem cells \[[@B44]\] and neural stem cells \[[@B45]\]. One possible interpretation of these conflicting observations is that PIK3-Akt activity is required to maintain undifferentiated stem/progenitor state at the cell-autonomous level, but signals from tissue microenvironment can further modulate the ultimate outcome \[[@B46]\]. Collectively, our current results demonstrate that MEC differentiation is regulated by an intricate interplay between differentiation-promoting and -inhibiting signals, highlighting the complexity of the regulatory mechanisms of stem/progenitor cell maintenance and differentiation.

The biochemical and cell biological ramification of EGFR activation have been an object of extensive investigation. A number of studies demonstrated that AREG bound to EGFR with a much lower affinity than EGF, and while EGF-stimulated EGFR are internalized, ubiquitinated and degraded in the lysosome, receptor engagement with AREG or TGFα induced less degradation and more recycling \[[@B31],[@B32]\]. Our preliminary investigation in K5^+^K19^-^ hMECs were consistent with published reports; a hundred (100) fold excess non-labeled AREG failed to displace fluorescence-labeled EGF, while excess non-labeled EGF or TGFα completely inhibited binding of labeled EGF (data not shown). All three ligands induced EGFR internalization at 5 nM within 10 minutes, but their intracellular fate differed significantly; EGFR trafficked to lysosomes and degraded upon EGF stimulation, whereas most EGFR recycled to the cell surface upon AREG stimulation (data not shown). In light of these observations, one possible interpretation of our present data is that the presence of low affinity EGFR ligand in MEGM medium promotes luminal differentiation and, as ligands bind with increasing affinity, cells begin to differentiate into myoepithelial lineage. This prompted us to examine whether lower concentrations of high affinity ligands mimic biological activity of low affinity ligands. However, when we cultured K5^+^K19^-^ hMECs in MEGM media containing varying concentrations of EGFR ligands, presence of lower concentrations of TGFα or EGF did not increase MUC1^pos^ cells, indicating that luminal differentiation was not augmented ([Figure S2](#pone.0075907.s002){ref-type="supplementary-material"}). Furthermore, though both AREG and TGFα are known to promote EGFR recycling rather than degradation, these ligands in MEGM medium showed opposing effects on K5^+^K19^-^ hMEC differentiation, AREG favoring luminal lineage and TGFα myoepithelial lineage. Altogether, present results indicate that biological consequences of EGFR engagement are not dictated by single factors such as receptor occupancy, binding affinity or receptor trafficking, but likely to be governed by the interaction of multiple determinants.

In conclusion, the present data validate the utility of the K5^+^K19^-^ hMEC cells for modeling key features of human MEC differentiation. We found that different EGFR ligands within MEGM medium could promote preferential differentiation into either luminal or myoepithelial fate. These findings open ways to dissect precise molecular/biochemical mechanisms of MEC differentiation, and we envision the K5^+^K19^-^ hMEC cells to be a useful model for this purpose.

Supporting Information
======================

###### 

**Expression of K5 after differentiation.** Cells were either maintained under non-differentiating condition (DFCI-1 medium) or propagated under differentiation-promoting condition (MEGM medium containing 5 nM EGF) for three weeks and expression of CD49f, EpCAM and K5 was assessed by flow cytometry. Cells were fixed and permeabilized for intracellular K5 staining. Gates for CD49f^lo^EpCAM^hi^ (luminal, green box), EpCAM^lo^ (myoepithelial, red box) and CD49f^hi^EpCAM^hi^ (undifferentiated, black box) cells are indicated. Note that CD49f and EpCAM expression patterns are slightly altered compared to those in Figures 1, 2 and 5 due to cell fixation and permeabilization. Histograms indicate levels of K5 in cells propagated in MEGM medium. The green line represents the levels of K5 in the CD49f^lo^EpCAM^hi^ (luminal) population, the red line is for the EpCAM^lo^ (myoepithelial) population and the black line for the CD49f^hi^EpCAM^hi^ (undifferentiated) population. Mean fluorescence intensity of K5 for CD49f^lo^EpCAM^hi^ (luminal), EpCAM^lo^ (myoepithelial) and CD49f^hi^EpCAM^hi^ (undifferentiated) populations are 1802, 806 and 1695, respectively.

(TIF)

###### 

Click here for additional data file.

###### 

**Effect of varying doses of EGFR ligands in MEGM medium on MEC differentiation.** K5^+^K19^-^ hMECs were propagated in modified MEGM medium containing indicated concentrations of EGFR ligands EGF, AREG or TGFα for three weeks. Cell differentiation was evaluated by K5 (green) and MUC1 (purple) staining. Nuclei were visualized with DAPI (blue). Red bars indicate 50 µM.

(TIF)

###### 

Click here for additional data file.

###### 

**Cell morphology after sort.** K5^+^K19^-^ hMECs were propagated in MEGM medium (containing EGF) for three weeks and sorted based on CD49f and EpCAM expression. Sorted CD49f^lo^EpCAM^hi^ (luminal) and EpCAM^lo^ (myoepithelial) populations cells were seeded into modified MEGM medium where EGF was substituted with AREG or TGFα. Cell morphology was documented three days later.

(TIF)

###### 

Click here for additional data file.

###### 

**Effect of varying doses of MEK inhibitor on differentiation.** K5^+^K19^-^ hMECs were propagated in MEGM medium (containing EGF) with indicated concentrations of U0126 for three weeks. Medium was replaced every two days. Expression of CD49f and EpCAM was analyzed by flow cytometry. Gates and percentages for CD49f^lo^EpCAM^hi^ (luminal, green box) and EpCAM^lo^ (myoepithelial, red box) populations are indicated.

(TIF)

###### 

Click here for additional data file.

###### 

**Effect of U0126 and wortmannin on cell growth.** K5^+^K19^-^ hMECs were seeded in MEGM medium (with 5 nM EGF) in 6 well plates at 10^4^ cells/well and effects of U0126 and wortmannin on cell growth were evaluated. Cells were detached from plates at indicated time points and live cell numbers were determined. Shown are average cell numbers from 6 replicates. Error bars indicate standard errors. There was no statistically significant difference between DMSO and U0126 treatment groups; Wortmannin treatment significantly inhibited cell growth.

(TIF)

###### 

Click here for additional data file.

###### 

**Effect of LY294002 on differentiation.** K5^+^K19^-^ hMECs were cultured in MEGM medium (containing EGF) for 8 days in the presence or absence of 0.5 µM LY294002 and cell differentiation was evaluated by flow cytometry.

(TIF)

###### 

Click here for additional data file.
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